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Abstract: Human monoclonal antibodies (hmAbs) that neutralize HIV isolates from different clades at physiologically
relevant concentrations (broadly cross-reactive neutralizing antibodies (bcnAbs)) are rare in infected individuals. Only
small number of such antibodies have been identified and extensively characterized, but efforts to elicit them in vivo have
not been successful. We have recently developed novel approaches, based on sequential (SAP) and competitive (CAP)
antigen panning methodologies, and the use of antigens with increased exposure of conserved epitopes, for enhanced
identification of bcnAbs to gp120-gp41. Some of the antibodies identified by using these approaches (X5, m6, m9) bind
better to gp120-CD4 complexes than to gp120 alone (CD4i antibodies); they exhibit exceptional neutralizing activity and
breadth of neutralization as scFvs and on average lower potency as Fabs and IgGs. Other antibodies that compete with
CD4 for binding to gp120 (m14, m18) (CD4bs antibodies) are weaker neutralizers but also exhibit broad neutralizing ac-
tivity although at relatively high concentrations. The anti-gp41 antibodies (m43, m44, m45, m47 and m48) appear to have
broad cross-reactivity and bind to a new group of conserved conformational epitopes distinct from those of the bcnAbs
4E10, 2F5 and Z13. Recently, the crystal structures of X5, m14 and m18 have been solved and compared to those of 17b
and b12; they all contain long H3s that play a major role in their mechanism of binding. The H3s of X5, m6 and m9, un-
like the others known, appear to be very flexible which may be related to the mechanism of their exceptional neutralizing
activity. The further characterization of the molecular interactions of the bcnAbs with gp120-gp41 will undoubtedly help
in our understanding of the mechanisms of virus neutralization, and in the design of entry inhibitors and vaccines.
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INTRODUCTION

More than two decades after the discovery of HIV the
development of vaccine remains a fundamental challenge to
our ability to design an effective immunogen [1]. One obsta-
cle to the development of an effective HIV vaccine has been
the difficulty in inducing potent broadly cross-reactive neu-
tralizing antibodies (bcnAbs) with protective functions
against primary isolates. Defining epitopes and designing
immunogens that will induce these antibodies is one of the
major challenges that currently confronts the HIV vaccine
field, and new approaches for development of bcnAbs, e.g.
retrovaccinology [2], are currently being tested. HIV uses
various strategies to evade host immune surveillance - it
rapidly mutates and “hides” conserved epitopes of its enve-
lope glycoprotein (Env) by using variable loops, heavy gly-
cosylation, oligomerization and conformational masking [3-
6]. As a result, elicitation of bcnAbs in vivo is rare [7] and
usually occurs after relatively long periods of maturation
during which the rapid generation of mutants outpaces the
development of neutralizing antibodies. Identification and
characterization of bcnAbs, therefore, may provide insights
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into the closely guarded conserved structures that could
serve as epitopes for neutralizing antibodies, and has impli-
cations for development of vaccines, design of entry inhibi-
tors as well as for understanding mechanisms for HIV entry
and evasion of immune responses.

Despite extensive research efforts only several human
monoclonal antibodies (hmAbs) have been identified that
exhibit potent and broad HIV-1 neutralizing activity in vitro,
and can prevent HIV-1 infection in animal models [2,8,9]. A
recent clinical trial suggested that two of these bcnAbs, 2F5
and 2G12, are without side effects in humans [10,11]. How-
ever, the potency of 2F5 and 2G12 used in combination in
this clinical trial was significantly lower than that of cur-
rently used HAART regimens and relapses did occur [11].
Attempts to develop immunogens that can elicit these and
other bcnAbs specific to gp120 (b12) or gp41 (2F5, 4E10,
Z13) have not been successful. All three known gp41-
specific bcnAbs (2F5, 4E10, Z13) bind peptides from the
gp41 membrane-proximal external region (MPER). In spite
of the large amount of work, however, immunogens based on
these peptides failed to elicit nAbs against primary isolates.
Recent investigation on this revealed that the two most
broadly reactive HIV-1 envelope gp41 human monoclonal
antibodies (MAbs), 2F5, and 4E10, are polyspecific autoan-
tibodies reactive with the phospholipid, cardiolipin, sug-
gesting the autoantigen mimicry of the conserved membrane
proximal epitopes of the virus; thus, current HIV-1 vaccines



204    Current Pharmaceutical Design, 2007, Vol. 13, No. 2 Zhang and Dimitrov

may not induce these types of antibodies [12]. Therefore,
development of new neutralizing hmAbs and further increase
in the potency of the currently available bcnAbs may help in
the development of better approaches for prevention and
treatment of HIV-1 infection. A major goal of our group has
been to develop novel potent bcnAbs as potential therapeu-
tics, and characterize their epitopes as potential vaccine im-
munogens, targets for inhibitors and entry intermediates.
Here we review the new approaches we have recently devel-
oped for identification of such bcnAbs and improvement of
their HIV-neutralizing activity, and describe several repre-
sentative antibodies.

IDENTIFICATION OF HIV-NEUTRALIZING HUMAN
MONOCLONAL ANTIBODIES – MAJOR APPROA-
CHES

Two major methodologies have been used for identifica-
tion of novel HIV neutralizing human monoclonal antibod-
ies. The first approach is based on the immortalization of B
lymphocytes from HIV-infected patients by EBV transfor-
mation [13,14] (the EBV transformants can also be fused
with heteromyeloma cells [15-19]) followed by screening of
their supernatants for antigen-specific antibodies. The second
major approach which is currently gaining popularity is
based on the use of phage display methodology [20] for anti-
body selection from phage-displayed human antibody li-
braries using one antigen [21] or sequentially panning
against several antigens [22]. The bcnAbs 2F5 [23], 4E10
[24], 447-52D [25] and 2G12 [26-28] were obtained by im-
mortalization of B lymphocytes from HIV-infected patients,
and the bcnAbs b12 [29,30] and Z13 [31] were selected by
antibody phage display. Recently, transgenic mice for human
immunoglobulin genes (Xenomouse from Abgenix) in com-
bination with traditional hybridoma technology are also be-
ing used for generation of fully human MAbs against HIV
[32,33]. Our major approaches for enhanced selection of
antibodies with predesigned properties include the use of
three methodologies - sequential antigen panning (SAP)
[22], competitive antigen panning (CAP) [Zhang et al . sub-
mitted] and binding kinetics modulation panning (BKMP)
[Choudhry et al . in preparation], and three different types of
antigens based on soluble ectodomains of HIV-1 envelope
glycoproteins (Envs) (gp140s) - Env-receptor complexes
[34], engineered Envs [35] and native Envs with enhanced
exposure of conserved structures [Choudhry et al . in prepa-
ration]. For antibody selection we have been using an im-
mune antibody library derived from three selected long-term
nonprogressors whose sera exhibited very broad and potent

HIV-1 neutralizing activity [22,36], and a large naïve anti-
body library derived from ten healthy individuals containing
about 1010 different antibodies [Zhu and Dimitrov, in prepa-
ration]. Representative antibodies obtained by these ap-
proaches are shown in Table 1 and will be discussed below.

COMPLEXES OF ENVS WITH RECEPTOR MOLE-
CULES AS ANTIGENS FOR SELECTION OF MONO-
CLONAL ANTIBODIES

The Env undergoes a series of conformational changes
after binding receptor molecules resulting in virus entry into
the host cells. We and others have hypothesized that con-
served epitopes are exposed during the entry process [37-41].
To identify such conserved epitopes, we prepared Env-
gp120JRFL-CD4-CCR5 (Fig. (1)) [42] and used them for
screening of human antibody phage libraries that resulted in
the selection of a hmAb Fab, designated X5 [34].

X5 binds to gp120s and gp140s from primary isolates
with an affinity in the nM range that is significantly in-
creased in presence of CD4, indicating that X5 is a so-called
CD4-induced (CD4i) antibody (Fig. (2)). Fab X5 exhibits
potent and broad neutralizing activity comparable to that of
the well characterized potent broadly HIV-1 nhmAb IgG1
b12. Unlike b12, however, X5 exhibits relatively uniform
neutralizing activity when tested on more than 50 primary
isolates. The crystal structure of X5 demonstrated the exis-
tence of a long protruding flexible CDR3 of the heavy chain
(H3) that appears to be critical for its high binding affinity
(Fig. (3)) [43,44]. The amino acid residues forming the epi-
tope to which X5 binds are highly conserved, which offers a
possible explanation for its broad neutralizing activity.

To further improve the binding affinity of X5 without
losing its cross-reactivity, we constructed an scFv X5 mutant
library and selected a novel bcnAb m9 [45] by sequentially
panning against Env-receptor complexes gp14089.6-CD4 and
gp140IIIB-CD4; this new approach, termed sequential antigen
panning (SAP), for the selection of high-affinity antibodies
that bind to all antigens used for the panning and screening is
detailed below. M9 was extensively tested for its binding and
inhibitory activity. Its binding affinity was on average 2- to
4-fold higher with a 50-percent inhibitory concentration
(IC50) 2- to 10-fold lower than that of parental scFv X5. Im-
portantly, more primary HIV-1 isolates from different sub-
types were neutralized by m9 than by scFv X5. Thus, both
the potency and breadth of neutralization were improved. M9
neutralized more than 50 primary isolates from different
HIV-1 genetic subtypes including clade C, which is the

Table 1. Summary of Representative Anti-HIV-1 bcnAbs Selected by the Novel Approaches

Antibody (ref.)
Antibody format
of highest activity

Antigen used
for panning

Panning
methodology

Potency Breadth Epitope

X5 [34] scFv gp120-CD4-CCR5 protein G beads ++++ ++++ gp120 (CD4i)

m9 [45] scFv gp140s-sCD4 SAP +++++ +++++ gp120 (CD4i)

m14 [51] IgG1 gp140s SAP +++ ++ gp120 (CD4bs)

m43-48 [submitted] unknown gp140s CAP +++ +++ gp41
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dominant subtype around the world, and clade B, which is
dominant in the United States. To date, only several other
potent broadly HIV-1 neutralizing hmAbs (b12, 2G12, 447-
52D, X5, 2F5, Z13, and 4E10) are known of the large num-
ber of antibodies tested, and it appears that m9 exhibits ex-
ceptional potency and breadth of neutralization. For exam-
ple, m9 was superior to any other antibody when tested
against a panel of 17 clade C primary isolates [Montefiori et
al. in preparation]. M9 neutralized 15 isolates with IC50<50
µg/ml, ten out of which with IC50<2 µg/ml. The median IC50

for the whole panel of isolates was less than 2 µg/ml. Previ-
ously, soluble CD4 (sCD4), IgG1 b12, 2G12 and 2F5 were

also tested with the same panel of 16 clade C isolates (TV 1
was excluded) - sCD4 neutralized one, 2F5 neutralized two
isolates with IC80<50 µg/ml, 2G12 neutralized none, and
IgG1 b12 neutralized nine isolates with IC80<50 µg/ml with a
median IC80 of about 50 µg/ml [46].

Alanine scanning mutagenesis suggested that the m9
epitope overlaps with the Fab X5 epitope. The increased
affinity and potency may be ascribed to the changes in the
conformation of the H3 and H2. M9 differs from scFv X5
by three mutations: S181T (H2), D229G (H3) and T251N.
Molecular dynamics simulations, based on the crystal struc-

Fig. (1). Schematic illustration of purified immobilized Env-CD4-CCR5 complex preparation. Membrane-associated CD4-CCR5 complexes
were immunoprecipitated with an anti-CCR5 mAb and captured with protein G beads. Purified gp120 was added and the beads were exten-
sively washed and used for panning.

Fig. (2). Effect of sCD4 on antibody binding to gp120. Gp120JRFL was captured by sheep anti-gp120 polyclonal antibody (D7324) coated on
the 96-well ELISA plates. Four-fold serially diluted sCD4 were simultaneously added to the wells with antibodies at a concentration which
leads to 70% maximum binding. Bound antibodies were revealed by horse radish peroxidase (HRP) conjugated anti-human IgG, F(ab’)2 as
second antibody and ABTS as substrate. Optical density at 405nm was measured after color development for five minutes.
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ture of Fab X5 as a template for homologous modeling of the
structures of scFv X5 and m9, predicted that the D229G
mutation and changes in the orientation of the two residues
(W227 and Y233) that are critical for X5 binding, can lead to
an increase in the flexibility of the H3 loop and higher affin-
ity of binding to gp120-CD4 complexes.

The molecular mechanisms that determine the antibody
potency and breadth of HIV-1 neutralization for CD4bs anti-
bodies depend primarily on their binding affinity to the na-
tive envelope glycoprotein (Env) before its interaction with
receptor molecules. However, other hmAbs including 2F5,
Fab X5 and its derivative scFv forms, m6 and m9, appear to
exhibit a post-CD4 binding mechanism of neutralization that
may be dependent on the lifetime of entry intermediates.
Thus, we hypothesized that rate constants of binding of such
CD4i antibodies would be an important determinant of their
neutralization activity. To test this hypothesis we began to
measure the on and off rate constants of CD4i HIV-1 neu-
tralizing hmAbs to gp120s and gp140s by using Biacore in
combination with virus neutralization assays [Choudhry et
al. in preparation]. We observed higher association binding
rate constant (kon) and affinity (2- and 10-fold higher) for
scFvs m9 than for Fab X5 for several Envs that correlated
with the antibody inhibitory activities. Our kinetic and neu-
tralization data also support the observation that for several
primary isolates neutralization by CD4i antibodies could be
affected by their size [47].

Based on these observations, we developed a new ap-
proach for selection of CD4i scFv antibodies with improved
kon by using Biacore [Choudhry et al. in preparation]. M99
was selected from the scFv X5 mutant library using this ap-
proach and it showed enhanced kinetics of interaction with
different Env glycoproteins (ten-fold higher kon) and in-

creased neutralizing activity for different primary isolates
compared to scFv X5. The improved kon and affinity of m99
also correlate with its increased neutralizing potency. These
findings may assist in the design of vaccines and entry in-
hibitors for HIV-1. Interestingly, m99 and m9 have differen-
tial neutralization profiles suggesting their potential use in
combination for HIV-1 neutralization.

M9 and m99 alone or in combination, or as fusion pro-
teins with sCD4 or immunotoxin (e.g., PE) have potential as
therapeutics for HIV-1 infection. One concern is the short
half-life of scFvs in vivo compared to IgGs. To extend the
scFv in vivo half-life, the scFvs could be PEGylated. Re-
cently, CD4i antibodies were found to be also potent in neu-
tralizing HIV-2 which is another demonstration of the broad
neutralizing activity and high conservation of their epitopes
[48].

TETHERED AND NATIVE ENVS WITH ENHANCED
EXPOSURE OF CONSERVED EPITOPES AS ANTI-
GENS

Binding of the Env complex with CD4 to coreceptor
molecules initiates a series of conformational changes that
are the heart of the fusion machinery driving viral entry. We
hypothesized that intermediate Env conformations at differ-
ent stages of the entry process could be exhibited in tethered
Envs where gp120 and the ectodomain of gp41 are joined by
flexible linkers of different lengths (Fig. (4)) [35]. We fur-
ther hypothesized that those “frozen” transient intermediate
conformations can expose conserved epitopes during the
fusion process suggesting a novel approach for design of
recombinant Envs as antigens for selection of bcnAbs and as
potential immnunogens. The results showed that tethered
gp14089.6 with long flexible linkers (15 AA or 26 AA) were

Fig. (3). Long protruding H3 loops observed in the crystal structures of b12, X5 and 17b.
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stable and recognized by known HIV-1 bcnAbs, IgG1 b12,
2G12 and Fab X5, and other conformational dependent anti-
gp120 and anti-gp41 monoclonal antibodies. Interestingly,
compared to gp140, tethered Envs with long flexible linkers
exhibited increased binding to anti-gp41 cluster II mAbs but
not to cluster I mAbs. Surprisingly, these tethered Env pro-
teins with long linkers potently inhibited membrane fusion
mediated by R5, X4, and R5X4 Envs with 5-100-fold lower
IC50 (with IC50 in the range from 0.3 to 3 nM in dependence
on the experimental system used) than a tethered Env with
short linker (4 AA), gp120, gp140, sCD4, or DP178 (T20).
Cluster II mAbs but not cluster I, IV, or V mAbs can reverse
the inhibitory effect of Envs with long linkers suggesting the
existence of conserved gp41 structures that are important for
HIV-1 entry and that can be stably exposed in the native
environment of the Env even in the absence of receptor-
mediated activation. Thus, tethered Envs with long linkers
may be important for elucidation of viral entry mechanisms
and development of novel vaccine immunogens.

We used tethered gp14089.6 with long flexible linker as
antigen for selection of anti-gp41 neutralizing hmAbs. Com-
pared to non-tethered Envs, tethered gp14089.6 facilitated
significantly more efficient selection of anti-gp41 cross-
reactive HIV-1 neutralizing antibodies by using the CAP
methodology (see further discussions below).

We have also used a soluble Env (gp140R2) isolated from
a donor (R2) with nonprogressive HIV-1 infection whose
serum contains broadly cross-reactive primary isolate neu-
tralizing antibodies (bcnAbs); its envelope glycoprotein
(Env) is competent for CD4-independent infection and a
soluble oligomeric form (gp140R2) elicited bcnAbs in mon-
keys indicating enhanced exposure of conserved epitopes
[49-51]. This is why we hypothesized that panning of phage-
displayed antibody libraries against (gp140R2) is likely to
result in selection of bcnAbs. To test this hypothesis, and to
begin to identify and characterize conserved epitopes on R2
we used gp140R2 as an antigen for panning of an immune

human antibody library derived from three long-term non-
progressors with high level of bcnAbs. Interestingly, we se-
lected antibodies (m22 and m24), which are almost identical
to the bcnAbs m18 and m14 (see below), and also three anti-
gp41 cross-reactive antibodies described below (m44, m45,
m46) [Zhang et al. submitted; Choudhry et al. in prepara-
tion]. These results suggest that gp140R2 exposes antigeni-
cally conserved epitopes that can be used for selection of
broadly neutralizing antibodies, and may have implications
for development of therapeutics and vaccines.

SEQUENTIAL ANTIGEN PANNING (SAP) FOR
SELECTION OF CROSS-REACTIVE ANTIBODIES

The Env is highly variable, especially its variable loops
including the V3 loop which is also very immunogenic and
antigenic. Infection with HIV-1, immunization with Envs
and panning of antibody phage-displayed libraries against
the Env usually results in isolate-specific antibodies, and
only in rare cases some individuals contain physiologically
relevant concentrations of bcnAbs. To enhance the selection
of such antibodies that recognize conserved epitopes, we
developed an approach based on sequentially changing anti-
gens during antibody selection - termed Sequential Antigen
Panning (SAP) (Fig. (5)). Several Envs representing different
viral isolates are sequentially changed during the panning
and screening which leads to the selection of antibodies
against epitopes shared among these antigens. By using SAP
against oligomeric gp14089.6 and gp140IIIB followed by
screening with the same antigens and gp120JRFL, we identi-
fied the broadly cross-reactive CD4 binding site (CD4bs)
antibodies m14 [52] and m18 [22].

Fab m14 neutralizes a range of primary HIV-1 isolates
from different clades. Importantly, the m14 neutralization
profile is different from that of the IgG1 b12 and possibly
from other HIV-1 neutralizing antibodies. The ability of m14
to potently neutralize representative isolates from clades A,
B, C and F suggests that it can be used in combination with

Fig. (4). Schematic illustration of a soluble tethered Env undergoing conformational changes after interaction with receptor (CD4) and core-
ceptor (CCR5 or CXCR4) molecules. Flexible linkers of various length stabilize the Env and constrain the conformational changes to certain
intermediates that expose conserved epitopes.
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other hmAbs that have poor neutralization activity or lack
activity against such isolates. Because m14 competes with
CD4 for binding to gp120 it is likely that its mechanism of
neutralization involves interactions with Envs before binding
to CD4 (Fig. (2)). Thus restricted access effects due to size
are unlikely to play a role. To further improve the potency of
Fab m14 we constructed a whole antibody molecule, IgG1
m14, which exhibited significantly higher neutralizing activ-
ity. For the same panel of clade C isolates described above,
IgG1 m14 neutralized seven isolates with IC50<50 µg/ml and
the median IC50 for the whole panel of isolates was about 60
µg/ml. These results suggest that m14 could neutralize a
broad range of HIV-1 primary isolates in vitro, and the IgG1
format would ensure long half-life and biological effector
functions.

Fab m14 binds to Envs from a number of primary iso-
lates with high affinities. Alanine scanning mutagenesis sug-
gested that most of the residues involved in binding to gp120
are conserved, which may explain the broadly cross-reactive
neutralization activity of m14. Interestingly, alanine scan-
ning mutagenesis demonstrated the existence of some gp120
mutations and loop deletion variants that result in a signifi-
cant increase of m14 binding to gp120. These gp120 mutants
and loop deletion variants may provide a clue in engineering
gp120 for vaccine development. The molecular mechanism
of the high-affinity binding of Fab m14 to gp120 is currently
under investigation. The crystal structure showed a long
protruding CDR H3 loop [Darbha et al. in preparation],
similar to the long CDR H3 of b12 that is likely to play a
critical role in neutralization.

M18 is another CD4bs antibody (Fig. (2)) identified by
using SAP. It neutralized HIV-1 primary isolates, but on
average weaker than m14. Fab m18 has very high affinity for
gp140s from primary isolates. For gp140s from eleven pri-
mary isolates tested, Fab m18 has EC50 ranging from 0.25 to
1.17 nM for ten gp140s [22]. The recently solved crystal
structure of Fab m18 revealed that m18 CDR H3 loop strik-
ingly mimics the CDR2-like loop in CD4 [53]. Docking
analysis showed that the Phe 99 in the H3 of m18 plays
similar role as Phe 43 of the CDR2-like loop of CD4 in
binding to the gp120 Phe-cavity [53]. Blocking receptor
binding site is a practical approach for blocking viral infec-
tion. Soluble CD4 (sCD4) is effective in neutralizing labo-
ratory-adapted HIV-1 isolates, but is not effective against
primary isolates. Recently, after overcoming major prob-
lems, a CD4 mimics was designed that closely resembles the
structure and function of CD4 [54]. A potential problem with
CD4 mimics and to some extent sCD4 is the possibility for
immune responses although CD4 is a human protein but still
modified. As a human mAb, m18 may not be immunogenic

and the design of new entry inhibitors based on its H3 loop
appears a potentially fruitful approach.

Considering that CD4 binding triggers gp120 conforma-
tional changes to expose conserved epitopes, we also did
SAP against gp14089.6-CD4 and gp140IIIB-CD4 complexes
and identified two CD4i antibodies m16 [55] and m12
[Zhang et al. in preparation]. The affinity of m16 for gp120-
CD4 is on average ten-fold higher than for gp120 alone (Fig.
(2)). Unlike X5, IgG1 m16 didn’t show significant size re-
strictions in neutralization which is usually observed with
CD4i antibodies. m12 appeared to be a domain antibody
(lack of light chain) and it showed inhibitory activity in cell-
cell fusion. With the half size of a Fab, m12 has advantages
over other CD4i antibodies targeting conserved coreceptor
binding site as an entry inhibitor. We are currently improv-
ing m12 affinity and solubility by introducing random
mutagenesis and selection against gp140-CD4 complexes.

COMPETITIVE ANTIGEN PANNING FOR SELEC-
TION OF ANTI-GP41 ANTIBODIES

A number of anti-gp41 hmAbs have been identified and
characterized but only a minority are neutralizing including
2F5, 4E10 obtained from immortalized B cells and Fab Z13
obtained from phage display panning against a gp41 peptide
and HIV-1 MN virion [56]. All three anti-gp41 bcnAbs rec-
ognize linear peptides on gp41, but it appears that these pep-
tides used as immunogens do not lead to elicitation of anti-
bodies neutralizing primary isolates. For example, the use of
ELDKWA inserted into a carrier protein did not induce HIV-
1 neutralizing antibodies [57] likely due to lack of appropri-
ate environment, including the lipid of the viral membrane,
to support the structure of this peptide in the context of gp41
[58], or due to the autoantigen mimicry nature of the con-
served membrane proximal epitopes of gp41 as mentioned
above [12]. Identification of novel anti-gp41 bcnAbs could
provide new ideas for design of vaccine immunogens based
on gp41.

The Env gp41 is genetically more conserved than gp120
and could contain many conserved epitopes, but typically
phage library panning against soluble Envs (gp140s) results
in the selection of anti-gp120 antibodies. To identify cross-
reactive antibodies that may bind to conserved gp41 struc-
tures with potential as HIV vaccine immunogens, we have
developed a competitive antigen panning (CAP) methodol-
ogy. CAP is based on the idea to select Env-interacting anti-
bodies in the presence of excess gp120, which facilitates the
identification of gp41-reactive antibodies in the context of
native Env (Fig. (6)). The CAP resulted in selection of a sig-
nificant number of phage-displayed antibodies that bound
gp140 but did not bind gp120 (gp41 binders). The tether

Fig. (5).  Schematic representation of the sequential antigen panning (SAP) methodology. Antibody phage display library was sequentially
panned against antigen 1 and 2, and the panned libraries screened for clones binding to antigen 1, 2 and other antigens. The selected phage
clones bind to all antigens used for panning and screening.
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gp14089.6 described above and non-tethered gp140R2 and
gp140CM243 were used as antigens. The tethered gp14089.6 was
the most effective antigen among those three tested in the
selection of anti-gp41 bcnAbs [Zhang et al. submitted].

By using CAP, we selected five antibodies (m43, m44,
m45, m47 and m48) from an immune human antibody phage
library derived from long-term nonprogressors with high
concentrations of broadly nAbs. The newly identified anti-
gp41 antibodies were tested in a pseudovirus-based assay
and in a peripheral blood mononuclear cell (PBMC)-based
assay that may resemble more closely the in vivo infection.
M43, 44, 45, 47, 48 exhibited neutralizing activity against a
panel of primary isolates from different clades with a po-
tency on average comparable to that of Fab Z13 and IgG1
4E10. They bound with high affinity to soluble Envs
(gp140s) from primary isolates including gp14089.6, gp140R2

and gp140CM243 that were used for their selection. Their
cross-reactivity is likely to be related to their broad neutral-
izing activity. We have also found that the neutralizing ac-
tivity of these antibodies is dependent on their format. It ap-
pears that on average the neutralizing activity of the anti-
gp41 Fabs is somewhat better than that of the respective
IgGs. However, the difference is not as significant as for
some of the CD4i antibodies. The difference was isolate-
dependent and for some isolates the neutralizing activity of
the IgGs was higher than that of the Fabs.

The epitopes of the three known anti-gp41 bcnAbs 2F5,
4E10 and Z13 are localized in the membrane-proximal ex-
ternal region (MPER) of gp41 and include stretches of
known sequences; they do bind to peptides containing these
sequences and denatured gp140 [31]. In contrast to 2F5 and

4E10/Z13 our newly selected anti-gp41 antibodies did not
bind denatured gp140. Competition with known anti-gp41
antibodies and lack of binding to antigen mapping gp41 pep-
tides also suggest that the newly identified anti-gp41 anti-
bodies recognize conformational epitopes. Further charac-
terization indicated that disulfide bonds in gp41 are impor-
tant for the structural integrity of their epitopes. Our findings
suggest the existence of a new group of conformational neu-
tralization epitopes on gp41. These conserved gp41 struc-
tures may have potential as HIV vaccine immunogens and as
targets for therapeutics.

Future structural and mutagenesis studies are required for
more complete characterization of these epitopes to help
foster the design of immunogens able to elicit broadly HIV-1
neutralizing antibodies. The newly identified anti-gp41 anti-
bodies could also have some potential as a component of a
combination therapy regimen. Their neutralizing activity is
not as high as that of some anti-gp120 antibodies, e.g. m9,
and this has also been found for other anti-gp41 antibodies
when compared to the anti-gp120 antibody b12 [59]. How-
ever, the anti-gp41 antibodies exhibit relatively broad neu-
tralizing activity that could help to prevent emergence of
neutralization resistant mutants. Further studies are also re-
quired for elucidation of the mechanism of neutralization by
the newly identified anti-gp41 antibodies. Crystallization of
these antibodies is in progress.

CONCLUSIONS

The development of novel approaches for identification
of bcnAbs and their conserved epitopes, including novel
antigens and methodologies for selection of such antibodies,

Fig. (6).  Schematic illustration of the competitive antigen panning (CAP) methodology. Biotinylated tethered gp140 mixed with 5-10 fold
higher molar concentrations of non-biotinylated gp120 are used for panning against phage libraries. The complexes of anti-gp41 phage anti-
bodies with tethered gp140 were separated from the panning mixture by using magnetic streptavidin conjugated beads and a magnetic field.
Bound phage were eluted, amplified and used for subsequent panning.
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undoubtedly will contribute to our understanding of the
mechanisms of HIV neutralization and evasion of immune
responses, which in turn could help in the design of new in-
hibitors and vaccine immunogens. During the last several
years we and others have developed such approaches and
identified a number of novel bcnAbs directed to three major
regions of the Env that contain a number of potentially im-
portant conserved and immunogenic epitopes defined by
their binding to CD4, coreceptors and our recently identified
anti-gp41 antibodies. The region with enhanced exposure of
epitopes after CD4 binding appears to be highly conserved
and the antibodies that target those epitopes exhibit excep-
tional potency and breadth of neutralization. However, a
major obstacle for the use of these antibodies as HIV inhibi-
tors in vivo  is the limitations imposed by their size – an in-
crease in their half-life and even further increase in their po-
tency could help in development of potentially clinically
useful inhibitors. A challenging problem is to develop a vac-
cine based on these epitopes – if successful such a vaccine
could lead to elicitation of very potent antibodies with a
broad neutralizing activity. The potency of CD4bs antibodies
can also be high but only for restricted set of isolates and
resistance can develop very quickly. A combination of such
antibodies could have potential as HIV inhibitors and a vac-
cine designed to elicit such combinations could be a valuable
strategy for vaccine design. The potency of the known anti-
gp41 antibodies is on average relatively weak but they have
broad neutralizing activity. Thus their potential as inhibitors
is in combination. The identification of the new anti-gp41
antibodies offers some hope for the design of novel vaccine
immunogens that could elicit bcnAbs in vivo.
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ABBREVIATIONS

bcnAbs = Broadly cross - reactive neutralizing antibodies

hmAbs = Human monoclonal antibodies

nAb = Neutralizing antibodies

scFv = Single-chain variable fragment

Env = Envelope glycoprotein

sCD4 = Soluble CD4

CD4bs = CD4 binding site antibodies

CD4i = CD4 induced antibodies

SAP = Sequential antigen panning

CAP = Competitive antigen panning

PBMC = Peripheral blood mononuclear cell

MPER = Membrane-proximal external region

HAART= Highly active antiretroviral therapy
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